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SOLUTION SPACE-BASED COMPLEXITY ANALYSIS
FOR CONTEXT AWARE AUTOMATION
J. Comans, C. Borst, M.M. van Paassen and M. Mulder
Delft University of Technology, Faculty of Aerospace Engineering
Kluyverweg 1, 2629HS Delft, The Netherlands
Despite the huge advances in aviation automation and avionics over the last decades, the f ight deck
is sometimes still unaware of the ‘bigger picture’. Current automation is not yet able to understand
the intentions of the pilots or the intricacies of the environment it is operating in. When we want
to increase the level of automation support, automation systems will need more context awareness.
This paper will only focus on a small subset of the operational context, namely the complexity
induced by surrounding traff c. To capture the constraints imposed by the surrounding traff c, we
use a tool called the ‘Solution Space’. The solution space is the subset of all speed and heading
combinations for an aircraft that will not result in a conf ict. In previous research, the solution
space is visualized to provide a pilot or air traff c controller with an overview of the situation. Our
goal is different in that we are trying to identify parameters in the solution space that correlate with
the complexity of a traff c situation and how well they f t with the concept of traff c complexity
as perceived by pilots. In this paper, the potential of the Solution Space as a complexity metric is
evaluated in a preliminary off ine analysis.
Modern avionics and automation systems are fairly oblivious to the world around them. Generally, only
information relevant to their specif c task is shared between systems. As an example, an autopilot instructed to climb
to an altitude will mainly look at the altimeter data and initiate a climb; even though the Traff c Collision Avoidance
System, TCAS, might show that there is another aircraft in the way. This example shows how automation operates in
a fairly static way following basic predetermined rules.
If it were possible to treat an aircraft as a closed system (Vincente & Rasmussen, 1992), in which all
input-output relations and disturbances were known, it would be straightforward to automate everything and remove
the pilot from the cockpit. Reality is rather different. Aircraft are open systems, mainly due to unknown disturbances
such as weather and due to complex ill-def ned input-output relationships in an aviation system as a whole.
Fortunately, humans are well suited to deal with this level of uncertainty. They are able to interpret different
information sources and come up with creative solutions that cannot be provided by static automation.
When looking at the strengths and weaknesses of humans and automation, they are more or less each other’s
opposites. This indicates that they are well suited to work as a team to combine their strengths. Looking at current
aircraft, humans and automation do not really work as a team (Billings, 1991). Automation behaves itself somewhat
as a star player who, ones he gets the ball, does his tricks and scores without involving his team members. This might
work in the majority of the situations, but when the situation does not work out as expected, it breaks down.
One of the recurring problems with modern automation is the lack of communication between automated
agents and humans (Sarter & Woods, 2000). In the same way as automation operates in a predef ned way, it also
communicates in a predef ned way in the form of annunciations and indications on the cockpit displays. When
looking at human communication, we can see that the way in which we communicate a specif c piece of information
depends on the context. The way in which a passenger will alert a driver to a pedestrian who is about to cross the
road will differ depending on, for example, whether there is an actual chance of running into this pedestrian or not.
In the cockpit, the way in which information should be presented to a pilot will also depend on the
operational context at that time. During cruise for example, a pilot will generally have the time to interpret
information and process it to determine meaning and importance. During a complex low visibility approach, the pilot
will probably be too busy to let the information ‘sink in’ and will most likely benef t from a simple and unambiguous
instruction provided by an automated agent. This would require automated agents to adapt to the operational context.
Being able to interpret the operational context will be key in creating automated agents that could become
team players. It will be obvious that the information contained in the operational context can be rich. This paper will
present a preliminary study on analyzing context information related to airborne traff c situations in the approach
phase of business jet aircraft.

The approach chosen in this paper is to use the metrics derived from the Solution Space (Van Dam, Mulder,
& van Paassen, 2008). The Solution Space is a representation of the constraints imposed by traff c on the velocity of
an aircraft under control. Its visual representation can be used by pilots to resolve conf icts with other aircraft and to
interpret a traff c situation. Next to the visual representation, the mathematical properties have been shown to
correlate with the workload perceived by Air Traff c Controllers (ATCos) (Hermes, Mulder, van Paassen, Boering, &
Huisman, 2009).
The aim of this paper is to show that the Solution Space reveals information about the traff c context from an
aircrafts point of view. A number of off-line simulations of scenarios, with varying complexity, will be used to
analyze which information is available from the Solution Space.
Complexity in Human-Machine Systems
In general terms, a complex system can be def ned as a system that is so complicated or intricate as to be
hard to understand or deal with. From a user centered human-machine system point of view, complexity could be
viewed on two different levels: the operational complexity and the apparent complexity . The operational complexity
is related to the inherent complexity of the system, while the apparent complexity is related to the complexity
perceived by the user.
From a cognitive engineering point of view, the complexity introduced by the functional demands of the
work domain is another source of complexity. This complexity will propagate through the human-machine interface
(HMI) to the operator, unless the HMI is able to detect and reduce this increase in complexity. The next section will
describe how we intend to extract information about complexity from a representation based on a work domain
analysis.
Solution Space Diagram
Before we can start capturing context information, we must f rst understand the world. The basic def nition
of a traff c situation is shown in Figure 1 (a). The aircraft that we are interested in —the controlled aircraft— is f ying
with a velocity Vcon . The intruding aircraft is f ying with velocity Vint . The trajectory of this intruder might conf ict
with the trajectory of the controlled aircraft. The circle around the intruding aircraft shows the protected zone, a
region in which no other aircraft can enter, typically with a radius of 5 Nm. Two aircraft are in conf ict with each
other when they are f ying along a trajectory that will eventually result in the aircraft entering each others protected
zones. Upon entering the protected zone, the conf ict becomes a loss of separation. A TCAS system will interpret this
situation by looking at the rate of closure and the distance to the intruding aircraft (Kayton & Fried, 1997). At close
range this produces an accurate indication whether a collision is about to happen in a short time. In essence, TCAS
reduces a three dimensional problem to a one dimensional problem. While TCAS is well suited as a collision
avoidance tool, its algorithm is not suitable to discover context information. The approach we chose to look at
context information follows from the work on Ecological Interface Design (EID) at our section (Van Dam et al.,
2008). EID is a design methodology that focuses on the constraints imposed by the environment on an operator
(Vincente & Rasmussen, 1992). EID starts by constructing a complete representation of the work domain. Based on
this work domain analysis, a designer needs to f nd ways to communicate and visualize this representation.
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Figure 1: Construction of the Solution Space Diagram
The actual work domain analysis of this example is beyond the scope of this paper, but Figure 1 shows the
results of the visual mapping of the concepts and constraints identif ed. Figure 1 (b) shows how a conf ict can be
easily identif ed when we look at the relative velocity of the controlled aircraft with respect to the intruding aircraft.
When the relative velocity, Vrel , points into the protected zone, there is a conf ict. This enables us to def ne a Conf ict

Zone (CZ) that indicates which relative velocities lead to a conf ict. When looking at relative velocities, it is easy to
identify a conf ict; however, the relative velocity depends on the velocities of both the controlled and the intruding
aircraft. Pilots and air traff c controllers work with absolute velocities since those are controlable. By shifting the CZ
with Vint we can see the conf ict represented in absolute velocity as shown in Figure 1 (c). With this representation,
the magnitude and direction of Vcon can be directly related to the CZ. Another advantage of using the absolute
velocity representation is that this procedure can be repeated for multiple intruding aircraft. The last step is to create a
Solution Space Diagram with the CZ. An example is shown in Figure 1 (d). By showing the minimum and maximum
velocity that can be f own, the solution space diagram shows all possible combinations of speed and heading an
aircraft can use. The CZ’s of different intruding aircraft can be added to this diagram. In this way, a pilot or air traff c
controller can immediately see what combinations of speed and heading could lead to a conf ict, or how to get out of
a conf ict by changing their velocity vector until it is outside the CZ. The way in which this information is presented
reveals information about the traff c geometry. Several parameters can be used to assess the situation the controlled
airplane is in. Among them are the area occupied by the CZ’s, the amount of free space, the distance to the closest
conf ict, the rate of change of the conf ict area, etc. The goal of this paper will be to assess whether information
extracted from the Solution Space can be used to determine context.
Offline Analysis
Pilot Interview
Two pilots were brief y interviewed in order to be able to create realistic scenarios. Both pilots are test pilots
f ying the Cessna 550 Citation operated by the Delft University of Technology (DUT) and the National Aerospace
Laboratory (NLR). They have experience in operating at large international airports such as Schiphol Amsterdam
Airport and regional airports such as Rotterdam Airport.
The main sources of traff c complexity involves approaches to smaller regional airports. This is because
approaches at large airports are streamlined by Air Traff c Control and there are no signif cant differences in
performance between the approaching aircraft.
When operating a business jet type aircraft, one of the main sources of complexity is the mix of aircraft with
different performance envelopes. Maintaining proper separation can become diff cult when an aircraft is unable to f y
slower than 100 kts and is on an approach behind an aircraft f ying at 60 kts.
During closely separated visual approaches, if a leading aircraft drifts away from its intended approach path,
the complexity for the trailing aircraft’s pilots will increase because next to their normal tasks, they have to evaluate
whether the deviation poses a threat or not.
Assumptions
All scenarios considered will use only two aircraft. Both are simulated using a simple two dimensional
kinematic model. The f own trajectory is calculated based on a list of way-points. The way-points def ne the tracks
followed by the aircraft, and are connected with circular segments. The radius of these circle segments is based on
the resulting radius for a rate one turn at the airspeed used for the trajectory (Ruijgrok, 1996).
The aircraft are assumed to f y at a constant speed, Vapp . Wind and atmosphere effects are neglected. The
position and orientation of the aircraft are determined by calculating the along-track-distance based on Vapp .
For the calculated SSDs, a Protected Zone radius of 1500 m is used. The SSDs are calculated with a
lookahead time between 5 s and 180 s, to limit the scope of the solution space to conf icts that are relevant in the near
future.
Scenarios
Based on the the pilot interviews, three scenarios were def ned. The aim of all three scenarios is to create
situations where complexity varies over time.
The f rst scenario consist of two airplanes approaching parallel runways, separated by 800 ft as shown on
the left of Figure 2. The leading aircraft is on the right approach track f ying at 70 kts. The trailing aircraft is a faster
jet with an approach speed of 120 kts. The trailing aircraft starts at the beginning of the trajectory 280 s after the
leading aircraft. The trailing pilot will have to deal with the fact that she is caching up with the leading aircraft. In
addition to her usual tasks during the approach, she will have to estimate her closure rate in order to keep a safe

distance. When the distance is large, there is no urgency, but it is diff cult to assess the closure rate. At closer
distances, it will be easier for a pilot to estimate the closure rate, but the situation develops faster making it a time
critical task.
In the second scenario, the trailing aircraft f ies the same trajectory as in the previous scenario, a straight
track towards the runway at 120 kts. The second aircraft is crossing the thresholds in front of the trailing aircraft as
shown in Figure 3. Crossing in front of an approaching aircraft is not a standard procedure, but can occur due to miss
communication or mistakes.
The f nal scenario assumes that the leading aircraft overshoots the interception of the approach track towards
the right runway. This overshoot puts the leading aircraft temporarily in the path of the trailing aircraft. The lateral
distance between the runways is slightly exaggerated in Figure 4 to make the f gure clearer. In the actual scenario, the
leading aircraft will f y into the trjacetory of the trailing aircraft.
Results
Figure 2 shows the results for the f rst scenario at three signif cant points along the trajectories. The
corresponding SSDs are shown on the right of the trajectory plot. It is important to note that only the areas between
the minimum and maximum velocity circles are part of the solution space. In this case however, the full conf ict
zones are drawn in order to better show the evolution through time.
The top row of Figure 2 shows the solution spaces for the faster trailing aircraft. Two effects are visible. The
conf ict zone shifts towards the center of the diagram, and the cone def ned by the conf ict zone widens. The shifting
conf ict zone shows that the trailing aircraft is catching up with the leading aircraft. The widening of the cone is
related to the actions required to steer clear of the conf ict. When the cone is small, only small heading corrections
are required to get out of conf ict.

(2c)

(1c)

(2b)

(1a)

(1b)

(1c)

(2a)

(2b)

(2c)

(2a)
(1b)

(1a)

Figure 2: A parallel approach scenario with the resulting SSDs
The crossing target scenario is shown in Figure 3. In this scenario, the shifting and widening seen in the
parallel scenario are also visible. From this f gure, it is clear that the conf ict zone does not shift towards the center of
the diagram. It shifts towards the velocity of the observed aircraft, which is directed to the left in this case. The
widening related to the decreasing distance between the two aircraft is also present, indicating that this distance is
decreasing. This time, however, the solution space also rotates. This is caused by the fact that the relative direction
towards the leading aircraft changes over time.
The combination of widening and rotation creates an interesting effect. In situation (1a), the conf ict zone is
narrow and tilted to the right. As the scenario develops into situation (1b), the solution space widens and rotates, but
the distance between the velocity of the trailing aircraft and the solution space does not change signif cantly. When
the leading aircraft has crossed (1c), the distance between the two aircraft has further decrease, as seen in the width of
the solution space, but the distance between the velocity and the solution space has increased signif cantly showing
that the conf ict has been resolved.
The two previous scenarios described were fairly static in the sense that there were no heading changes. The
overshoot scenario shown in Figure 4 is more dynamic. At the point of the overshoot, the heading of the leading
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Figure 3: Two aircraft with crossing trajectories and their resulting SSDs
aircraft will change twice within approximately 30 s. Situation (1a) shows the situation before the intercept. There is
no conf ict, but the distance between the velocity is small, indicating that small disturbances can result in a conf ict.
After the overshoot, the leading aircraft will correct its heading to return to the intended approach track. (1b) shows
the situation after the initial correction. At this point, the solution space has shifted from the left side of the velocity
vector to the right side. It is important to note that in the transition from (1a) to (1b), the conf ict zone will slide
through the velocity vector, indicating there is a conf ict for a short amount of time. Once the aircraft is back on its
required approach track it will change its heading to the runway heading. This results in a full blown conf ict as seen
in (1c).
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Figure 4: An overshoot during an approach capture with the resulting SSDs
Discussion
The parallel approach scenario shows two fundamental properties of the solution space. When the velocities
of both aircraft are constant, the shift of the conf ict zone has a direct relationship with the distance between the two
aircraft under consideration. In the same way, the rate of change in distance can be related to the rate of shift of the
conf ict zone. Both properties relate to the direct goal of the pilots to maintain separation. They mainly provide a
measure for the time it takes before two aircraft get too close to each other.
When the distance becomes smaller, the pilot have to take more drastic measures to avoid or get out of a
conf ict. At larger distances, the pilot has more options, hence the situation is less diff cult. This property is captured
by the width of the solution space. The rate of change in width could also be related to how fast a situation develops.
The previously described properties also show up in the crossing scenario. In this scenario, the pilot will
need to evaluate whether the crossing aircraft has crossed his path once he gets to the intersection. The main
diff culty lies in the fact that both aircraft are converging towards the intersection. From the pilots point of view, a
safe way out is to turn right and pass behind the leading aircraft. This shows up in the solution space as an empty

right hand side. Figure 3 shows a situation where the leading aircraft passes just in time. In this situation, it will not
be clear for pilots that the aircraft will def nitely have cleared the crossing by the time they get there. The closer they
get to the crossing, the more important it becomes to monitor the leading aircraft, the complexer the situation gets.
The solution space ref ects this mainly in the change of the area. The distance between the conf ict zone and the
velocity shows that the aircraft is close to a conf ict. Once the aircraft passes the crossing, it will be clear for the
pilots that there is no conf ict. Once again, this is ref ected by the conf ict zone moving away from the velocity vector.
The overshoot scenario presents a more diff cult case. The previous remarks on area and proximity still
hold, but the way in which the solution space moves is not predictable when looking only at the current state of both
aircraft. This might be solved by noting that the behavior of the observed aircraft is goal driven. It will attempt to
land on the runway. If this goal is known, we would be able to predict that the solution space will end up in the
middle, creating a conf ict. Any kind of information about the goals of the observed aircraft might be helpful, from a
basic heading to a full list of way-points.
As an example, there are techniques to calculate solution spaces that take into account the future trajectory
of the observed aircraft (d’ Engelbronner, Mulder, van Paassen, de Stigter, & Huisman, 2010). These kind of
methods assume that detailed information about the future trajectory of the observed aircraft is available. It is
however doubtful that this kind of information will be available in the near future and therefore these methods were
not used here.
Conclusions
This paper presented a preliminary study on the possibilities to use the solution space to quantify a subset of
complexity. The goal is to use the geometric properties of the solution space to f nd metrics for complexity. An
off ine analysis was performed to investigate the effects of close proximity traff c on the solution space.
The preliminary results show that in scenarios with limited heading changes, the rate of change and
proximity of a conf ict zone can be related to the complexity of a scenario. In a scenario that includes signif cant
heading changes, the solution space by itself is not suff cient. Goal related information will be needed to get an
accurate representation of complexity.
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